The harms of seasonal flu and global pandemic influenza have generally attracted attention. However, the currently administered influenza drugs and flu vaccines have certain limitations. Since the discovery of the small interfering RNA (siRNA) and its mediated RNA interference process, this molecule has been widely used in the study of anti-influenza viral infections because of its high specificity and strong selectivity. The results provided new concepts for the prevention and treatment of influenza virus. However, the siRNA still faces an enormous challenge despite extensive studies on this molecule. The research progress of siRNA in anti-influenza viral infection was reviewed in this study.
homologous mRNAs and silencing of target genes are referred to as RNA interference (RNAi) [12, 13] . The RNAi process can be divided into two steps. In the first step, dsRNA is shear processed into 21-24 nt siRNA doublestrand molecule by double-strand-specific ribonuclease III Dicer [14] . In this process, the Dicer enzyme is first combined with TAR-RNA binding protein 2 (TRBP, also known as TARBP2) or protein-protected R (activated area conservation trust, PACT) to form a complex (Dicer-TRBP or Dicer-PACT), cutting dsRNA to form siRNA. Then, the siRNA antisense strand is combined with the RNA-induced silencing complex (RISC) [6, 15] . The RISC consists of Ago-2, Dicer, TRBP, or PACT and is a key substance that degrades the target gene. In the second step, the siRNA combined with the RISC complex finds its target mRNA sequence through base complementation and under the action of the Ago-2 protein to degrade mRNA. This process blocks the translation of the protein. The Ago-2 protein is an RNA-induced, Mg 2+ -dependent, and RNase H-activating molecule in the RNAi process. The endonuclease activity of the 3ʹ-end PIWI region can effectively eliminate the phosphodiester bond of the target RNA and degrade target genes [16] . Given the high specificity and selectivity of siRNA, the siRNA-mediated RNAi process is widely used to prevent and control various viral infections.
Study of siRNA in anti-influenza viral infection
In 2003, Ge et al. [17] first applied the siRNA-mediated RNAi process to investigate the influenza viral infection. This study opened up a new approach for the treatment of influenza viral infection.
The siRNA can specifically silence the influenza virus mRNA and inhibit the replication of the virus at different levels. Ge et al. [17] observed the effect of siRNA on H1N1 virus suppression in MDCK cells. The results showed that specific siRNA could inhibit the expression of approximately 50% of influenza virus mRNA, while the effects on complementary RNA (cRNA) and virion RNA (vRNA) were not obvious. Moreover, the RNAi process did not affect the cell signaling pathway. The plaque test has shown that siRNA could reduce the influenza virus titer to 1/200, and three siRNAs (NP-1496, PA-2087, and PB1-2257) could reduce the titers of A/PR/8/34 and A/WSN/33 H1N1 viruses and even completely failed to detect the hemagglutination activity. Jain et al. [18] extended the length of the designed 19-nt siRNA to 27 nt. The results showed that increasing the length of siRNA inhibited the H1N1 and H3N2 multiple strains by more than 60%, and the inhibitory effect was most obvious at 48 h. In 2016, McMillen et al. [19] reported that although the NS1 gene-specific siRNAs downregulated the mRNA, the mRNA and protein levels of cell lysates NA and M were upregulated. However, the plaque test showed that the influenza virus titer decreased. Thus, defective influenza virus may have been produced during the RNAi process. Previous studies [20] [21] [22] constructed shRNAs into vectors, making their gene silencing more effective than that of siRNAs. However, their inhibitory effect was less pronounced than that of siRNAs, and their role was more pronounced in A549 cells than in MDCK cells. Hence, the siRNA in the A549 cells is more likely to escape degradation of lysosomes.
Study of siRNA in anti-influenza viruses in chick embryos and animals
The siRNA can inhibit the proliferation of influenza virus in chick embryos. Based on cell experiments, Ge et al. [17] first used liposomes to transfect siRNA into chick embryos. The siRNA was found to reduce virus titer to 1/200 when the viral titers in the allantoic fluid were determined. The inhibitory effect was consistent with the cellular assay, and the siRNA without inhibitory effect on the MDCK cells also had no inhibitory effect on the chicken embryos. Cheng et al. [23] showed that the inhibitory effect of siRNA in the chick embryos was consistent with the detection results in the A549 cells. Given the large variability among chick embryos, the rapid growth of virus strains in the chick embryos, and the weaker inhibitory effects of siRNA, the use of chick embryos to study siRNA showed less effect on influenza viruses.
The siRNA can inhibit the proliferation of influenza virus in animals and increase the protection rate of animals. Tompkins et al. [24] first intravenously injected siRNA to mice, and the virus titer was reduced after H1N1 challenge. Then, after 18 days of post-single injection of siRNA (NP-1 496 or PA-2 087) and two siRNAs to the mice, the protection rate of a single siRNA was 80%-90%, and the two siRNA-treated mice survived, with 100% protection rate. The result demonstrated for the first time that siRNA could inhibit the proliferation of influenza virus in vivo, which was consistent with the results of Ge et al. [25] . In addition, Tompkins et al. [24] also found that after the siRNA was designed for H1N1-infected mice with H7N7 and H5N1 subtypes, the survival rate of the mice was still more than 50%. Subsequently, Rajput et al. [26] injected the siRNA into the nasal cavity and intravenously into the mice. The results indicated that mRNA and protein were inhibited by more than 90% and the inflammatory factors were also significantly reduced. Wei and Liu [6] injected the NP-shRNA-lentiviral vector into mice to reduce the virus titer of the lung tissue to 1/100, and shRNA administered in the nasal cavity was more effective than intravenous injection. Animal experiments further confirmed that siRNA has an inhibitory effect on influenza virus.
Study of anti-influenza viral infection after coupling of siRNA with other small molecules
The siRNA can specifically silence mRNA, inhibit the proliferation of influenza virus, and increase the protection rate of animals. However, as a negatively charged exogenous nucleic acid molecule, siRNA is difficult to enter into cells and can be easily degraded within cells with a short-acting time. These characteristics seriously hinder the application of siRNA to influenza viral infection. In the past decade, studies of siRNA in anti-influenza viral infection have focused on the optimization of siRNAs [21, 22, [27] [28] [29] . These molecules have mainly been used in conjunction with other pro-cell types or synergistic nucleic acid molecules.
Pro-cell carrier coupling
Coupling with a pro-cell carrier can increase the efficiency of siRNA delivery in cells, uptake efficiency of siRNA into cells, and inhibition ratio of siRNA against H1N1 virus. Timin et al. [27] constructed siRNApolyelectrolyte carriers and outsourced biocompatible silica shells to form a spherical capsule with a diameter of approximately 100 nm. After transfection of A549 and MDCK cells for 24 h, the release rate of siRNA in the cells was 98%, which was significantly higher than that of siRNA alone (only 1%). With prolonged incubation time, the number of siRNAs that entered the cells was gradually increased, and further detection showed that the inhibitory effect on the H1N1 virus could be extended to 72 h. Liang et al. [21] coupled siRNAs to pH-modulating peptides to improve the efficiency of siRNA delivery to cells by changing the pH. The results showed that the pH-regulating peptide/siRNA complex reduced influenza virus titer in MDCK cells to 1/10. The virus titer in A549 cells was reduced to 1/9,000. After preparing this complex into a dry powder, the virus titer in A549 cells could still be reduced to 1/10,000-1/3,000. This result suggests that the pH-regulating peptide/siRNA complex could significantly enhance the efficiency of siRNA delivery and thus increase the inhibition rate.
Nucleic acid molecule coupling
Coupling of siRNAs with nucleic acid molecules with different functions can increase endogenousness and improve silencing efficiency and inhibition rate. Kumar et al. [28] linked the siRNA of PR8-M1 to a ribozyme-catalyzed sequence with a degradative nucleic acid to form an siRNA-ribozyme chimera to further increase the ability of siRNA to degrade nucleic acids. Consequently, the optimized siRNA-targeted silencing efficiency was increased by fourfold. Joshi et al. [22] found that the inhibition rate of influenza virus reached 80% after a sequence with an immunostimulatory function (5ʹ-UGUGU-3ʹ) was added to the 5ʹ-end of the NP-siRNA. This rate represented a fourfold increase compared with single siRNA inhibition group. Xu et al. [29] constructed the NP-1496 siRNA into a vector containing endogenous microRNA (miRNA) (forming shRNAmir-NP) to increase its endogenousness. After infection with PR8 live virus strain, NP protein was completely inhibited and the virus titer was reduced to 1/100. After 10 times increase in viral load, the shRNAmir-NP more significantly inhibited the NP protein and virus titers. Subsequently, PB1-2257 and NP-1496 siRNAs were constructed together into vectors. The protein expression of NP and PB1 was downregulated. However, the virus titer still dropped to 1/100 probably because of the saturation of RISC in the RNAi process.
Problems and prospects of siRNA in anti-influenza viral infection
The siRNA has a high specificity, strong selectivity, silencing efficiency of 70%-75%, and other beneficial characteristics. Hence, this molecule has been used in the study of anti-influenza viruses [30] . However, siRNAs have several problems in anti-influenza viral infections. Thus, the current research is restricted to cells, chick embryos, and animals and has not yet entered the clinical research stage. These problems are mainly in the following aspects. (1) The siRNA has an off-target effect. The siRNA silences the influenza virus target gene by base pairing with each other. When the host cell and target genes have similarities, the miRNA-like structural complexes formed in the RNAi process non-specifically interfere with the 3ʹ-UTR of the host gene. This process silences the gene and even affects the pathways that the host miRNA regulates in the cells [31] . (2) The siRNAs are nucleic acids with numerous negatively charged molecules on their surfaces, and the number of phospholipid bilayers that actually penetrate the cell membrane is only 1%, which reduces the inhibitory rate of siRNA on influenza [31] . (3) The siRNAs, as exogenous substances, are identified by a pattern recognition receptor to cause the body's innate immune response to enter the humoral circulation. These siRNAs are easily degraded in the liver and kidney and recognized and degraded by nucleases in the body. The effect of the siRNA synthesized externally in vivo can only be maintained for approximately 48 h [30] [31] [32] . These results make the siRNA inhibitory rate on the target gene unstable. Although the shRNA constructed on the vector can stably exhibit inhibitory effects in vivo, its effect is less than that of siRNA, and shRNA is difficult to prepare [30] . Given the defects of siRNAs during application, studies have increasingly focused on the modification of siRNAs. The design of siRNA is limited to the target ORF region, and predesigned siRNA is compared with host genes to reduce nonspecific responses [33] . Thus, target removal effects are reduced. Barrangou et al. [30] proposed to perform 2ʹ-F and 2ʹ-O-methyl modification on siRNA. Mimicking the natural RNA molecule can reduce the off-target effect and the innate immune response. Moreover, coupling siRNAs with various pro-cell carriers to form small molecules can increase the permeability of cells and reduce innate immunity responses [27, 31] . In addition, when siRNA is applied to the stem-loop structure of mRNA, the siRNA inhibition rate can be increased [34] . The siRNA designed for M and NS transcripts with primary transcripts exhibited enhanced silencing effect [19] . Mutating 3ʹ-of the siRNA with one base did not affect siRNA heterosexual recognition and exerted its silencing function. The siRNA silencing efficiency can be improved for the activity of the target gene of siRNA and siRNA chemical modification [33] .
Although these measures have improved the inhibitory effect of siRNA to a certain extent, each approach has its own advantages and disadvantages. Therefore, various factors should be fully considered when designing siRNAs. With the step-by-step solution of these issues, siRNA will provide new ideas for anti-influenza viral infection.
